Background: Umbilical cord mesenchymal stem cells (UMSCs) have unique immunosuppressive properties. Results: UMSCs express a rich glycocalyx, which confers their ability to modulate both macrophages and T-regulatory cells and to lead to inflammatory cell death. Conclusion: UMSCs actively modulate inflammatory cells by suppressing the immune response and evading rejection. Significance: Engineering cells to express this rich glycocalyx could increase transplantation success.
Umbilical cord mesenchymal stem cells (UMSCs) have unique immunosuppressive properties enabling them to evade host rejection and making them valuable tools for cell therapy. We previously showed that human UMSCs survive xenograft transplantation and successfully correct the corneal clouding defects associated with the mouse model for the congenital metabolic disorder mucopolysaccharidosis VII. However, the precise mechanism by which UMSCs suppress the immune system remains elusive. This study aimed to determine the key components involved in the ability of the UMSCs to modulate the inflammatory system and to identify the inflammatory cells that are regulated by the UMSCs. Our results show that human UMSCs transplanted into the mouse stroma 24 h after an alkali burn suppress the severe inflammatory response and enable the recovery of corneal transparency within 2 weeks. Furthermore, we demonstrated in vitro that UMSCs inhibit the adhesion and invasion of inflammatory cells and also the polarization of M1 macrophages. UMSCs also induced the maturation of T-regulatory cells and led to inflammatory cell death. Moreover, UMSCs exposed to inflammatory cells synthesize a rich extracellular glycocalyx composed of the chondroitin sulfate-proteoglycan versican bound to a heavy chain (HC)-modified hyaluronan (HA) matrix (HC-HA). This matrix also contains TNF␣-stimulated gene 6 (TSG6), the enzyme that transfers HCs to HA, and pentraxin-3, which further stabilizes the matrix. Our results, both in vivo and in vitro, show that this glycocalyx confers the ability for UMSCs to survive the host immune system and to regulate the inflammatory cells.
Corneal transplantation is still the most effective treatment for vision restoration of corneal blindness due to congenital gene mutations and acquired diseases such as trachoma, microbial infections, laceration, and chemical burns. Because of tissue shortage at eye banks as well as the complications entailed by corneal transplantation, alternative treatments are required for the prevention and cure of corneal blindness in lieu of corneal transplantation. Umbilical cord mesenchymal stem cell (UMSC) 2 transplantation successfully recovers corneal transparency and increased corneal thickness of lumican null mice (Lum Ϫ/Ϫ ) (1) . Interestingly, these cells assume a keratocyte phenotype and promote collagen lamellae re-organization (1) . We have also found that UMSCs transplanted into the corneal stroma of mice with the congenital metabolic disorder mucopolysaccharidosis VII impede progression of the stromal disease and improve corneal haze (2) . The transplanted UMSCs can differentiate into resident stromal cells, recycle accumulated glycosaminoglycans (GAGs), and secrete exosomes that are taken up by the host keratocytes, which enables them to catabolize GAGs (2) . Moreover, treated corneas present reduced corneal haze, and UMSC transplantation is therefore a promising treatment for corneal congenital diseases. Interestingly, these experiments involved the treatment of immunocompetent mouse corneas with human UMSCs, and these cells were able to survive immune rejection. The rejection of transplanted tissue involves the recognition of alloantigens, which activates the host immune system and attacks the transplanted tissue. Xenotransplantation exposes the host to a plethora of antigens and usually triggers acute rejection if immunosuppressive medications are not administered. Previous studies have indicated that mesenchymal stem cells have unique immunosuppressive properties; however, the precise mechanism by which these cells suppress the immune system remains elusive (3) .
During inflammation, the tissue microenvironment undergoes major changes. In order for inflammatory cells to invade tissues, they must roll and adhere to the vascular endothelium, extravasate, and migrate through the surrounding extracellular matrix (ECM). The important role of the ECM in the trafficking and function of inflammatory cells has been well established. Monocytes adhere to hyaluronan cables, which become a substrate for active migration (4) . Recently, T-cells have also been shown to adhere to and migrate along HA cables (5, 6) . Versican, a chondroitin sulfate proteoglycan present in the ECM, is also a substrate for both the adhesion and migration of monocytes (7) . This interaction has been shown to involve the hyaluronan receptor CD44 expressed by the monocytes and T-lymphocytes (5, 8) .
HA, a nonsulfated GAG, is a major component of the ECM. HA has a fundamental role in maintaining tissue integrity and homeostasis and has the necessary roles in ovulation and fertilization, embryonic development, inflammation, tissue repair and wound healing, and tumorigenesis (9 -13) . During chronic inflammation, tissues secrete a rich and complex cross-linked HA matrix that actively modulates inflammation. TNF-stimulated gene 6 (TSG6), a member of the family of HA-binding proteins, catalyzes the transfer of heavy chains 1-3 (HC1, HC2, and HC3, respectively) from the CS of inter-␣-trypsin inhibitor (I␣I) to GlcNAc residues of HA forming an HC-HA ECM that modulates inflammatory responses during inflammatory processes (14 -18) .
Given the ability of the UMSCs to survive host rejection, we investigated whether UMSCs could regulate mouse immune responses. Our results show that UMSCs transplanted into corneal stroma after alkali burn suppress the severe inflammatory response and enable the recovery of corneal transparency. We also show that UMSCs in vitro actively "turn off" the inflammatory cells by inhibiting their adhesion and invasion and by impeding the polarization of M1 macrophages. UMSCs also induced both the maturation of T-regulatory cells and inflammatory cell death. These results are mediated by the UMSC glycocalyces that contain versican and HA. The knockdown of cell surface-associated CS and HA on UMSCs ablates their ability to modulate the immune responses both in vivo and in vitro. However, removal of cell surface heparan sulfate has no effect on the ability of UMSCs to suppress the immune responses.
EXPERIMENTAL PROCEDURES
Animals-Six-week-old C57/BL6 mice were obtained from The Jackson Laboratory, Bar Harbor, ME. Animal care and use conformed to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. All animal protocols were previously approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Cincinnati.
Cell Culture-Umbilical cords were obtained from Christ Hospital, Cincinnati, OH, and kept in Earle's balanced salt solution (EBSS) at 4°C during transportation. Upon arrival, umbilical cords were washed with 70% ethanol, and subsequently excess blood was removed with sequential washes in EBSS. With the use of a blade, the blood vessels were removed from the umbilical cord, and the tissue was minced into fine pieces. The minced tissue was then incubated with 0.05% trypsin (Invitrogen) and 300 units of collagenase (Stem Cell Technologies) in ␣-MEM (Invitrogen) for 4 h at 37°C. Thereafter, the cell suspension was filtered; the filtrate was centrifuged for 10 min at 400 ϫ g, and the cell pellet was cultured in ␣-MEM supplemented with 10% fetal bovine serum (FBS) (Hyclone, Waltham, MA) in 5% CO 2 at 37°C. After 16 h, the medium was changed to remove nonadherent cells. Thereafter, the medium was changed every 2 to 3 days, and cells were harvested when they reached ϳ70% confluence with trypsin/EDTA and subsequently seeded at a density of 3-6 ϫ 10 3 cells/cm 2 . The UMSCs were used for experiments between passage 4 and 7. Beyond passage 8, the efficiency of the UMSCs to modulate the inflammatory cells declined (data not shown).
Reducing Surface Glycosaminoglycans-UMSCs were treated with chondroitinase AC (Chase AC) (IBEX), chondroitinase B (Chase B) (IBEX), heparinase II (Hepase II) (IBEX), heparinase III (Hepase III) (IBEX), chondroitinase ABC (Chase ABC) (Sigma), hyaluronidase (Hylase) from testes (Sigma), or hyaluronidase from Streptomyces (HylaseS) (Sigma) for 2 h at 37°C to digest cell surface and associated ECM GAGs. Subsequently, the cells were washed twice with PBS. For in vivo experiments, the UMSCs were labeled with DiI for 15 min at 4°C, further washed three times with PBS, and transplanted into the corneal stroma of the mice 24 h after alkali burn. The hepase digest heparan sulfate (HS) chain of HS proteoglycans, Chase AC, is selective for digesting CS and would remove CS from versican; Chase B is selective for dermatan sulfate (DS) and would remove any DS chains from versican; testicular Hylase digests both HA and CS, thereby removing both versican CS and HA from the glycocalyx, and HylaseS, although selective for HA, would also remove the glycocalyx releasing intact versicans.
Agarose Gel Electrophoresis-The efficiency of reducing surface CS and HS was analyzed by 0.6% agarose gel electrophoresis in 0.05 M propanediamine acetate buffer, pH 9, as described previously (19) . Following electrophoresis, the gels were submerged in 0.2% CETAVLON (cetyltrimethylammonium bromide, Sigma) for 1 h at room temperature, dried, and stained with 0.1% toluidine blue prepared in a solution of 1% acetic acid, 50% ethanol, and 49% water, destained with the same solution without toluidine blue (for staining CS, DS, and HS), and then restained with 0.1% toluidine blue prepared in 25 mM sodium acetate buffer, pH 5.0, and destained in this solution without toluidine blue (to stain HA).
Alkali Burn-Animals were anesthetized by intraperitoneal injection of ketamine hydrochloride (80 mg/kg) and xylazine (10 mg/kg). The eyes were rinsed with PBS and topically anesthetized with a drop of proparacaine. Ocular surface alkali burns were produced by placing 3MM chromatography paper (Whatman) cut into 1-mm diameter circles previously soaked in 0.1 M NaOH onto the central cornea for exactly 1 min. Subsequently, the eyes were continuously washed with sterile PBS for 1 min. Finally, teramycin ointment was topically administered to the eyes, and the animals were placed on a warming pad. The alkali burn protocol used in our experimental model was designed to avoid damage to the limbal stem cells, thereby allowing us to examine the effects of UMSCs on inflammation suppression and regeneration of a transparent cornea without the complication of limbal deficiency.
Intrastromal Injection-Intrastromal injection was done by first creating a small tunnel through the corneal epithelium into the anterior stroma using a 33-gauge needle with a sharp tip (Hamilton Co., Reno, NV). Thereafter, a blunt 33-gauge needle attached to a 10-l syringe (Hamilton Co.) was passed through the tunnel into the corneal stroma, and 2 l containing 10,000 cells were injected into the stroma.
In Vivo Confocal Microscopy-Corneal haze was analyzed as described previously (2) with a Heidelberg Retinal Tomograph-HRTII Rostock Cornea Module (HRT-II, Heidelberg Engineering Inc., Germany) according to the manufacturer's instructions. Briefly, GenTeal gel (Novartis Pharmaceuticals Corp.) was applied to both the eyeball and the tip of the HRT-II objective as an immersion fluid. Subsequently, a series of 40 images were collected to cover the whole stromal thickness as a continuous z axis scan through the entire corneal stroma at 2-m increments starting from the basal layer of the corneal epithelium and ending at the corneal endothelium. The lens of HRT-II has a working distance of 77 m.
Corneal Whole Mount-Eyeballs were excised and fixed for 30 min in 4% paraformaldehyde. After extensive washes in PBS, the cornea button was removed, and subsequently, four small peripheral incisions were made in the cornea to enable a flat mount onto a slide. Corneas were treated for 30 min with 0.2% sodium borohydrate and thereafter extensively washed in PBS containing 0.2% Tween. Corneas were blocked overnight in 4% BSA in PBS containing 0.01 M saponin and incubated overnight with primary antibody rat anti-F4/80 (Abcam, ab6640) or rat anti-CD11b (Invitrogen, RM2800) prepared in 4% BSA in PBS solution at 4°C. Subsequently, corneas were extensively washed in PBS and further incubated with secondary antibody in block solution for 8 h at room temperature. Corneas were finally incubated with DAPI and mounted in Fluoromount G (SouthernBiotech). Z-stacks were generated in 1.8-m increments, and three-dimensional reconstructions were made using AxioVision software (Zeiss).
Macrophage Isolation-Macrophages were isolated from murine peritoneum. Naive mouse peritoneal cavities were used in order not to alter the physiologic characteristics of the isolated cells. In short, mice were sacrificed by CO 2 inhalation and dipped in 70% ethanol, and excess ethanol was removed with sterile gauze. An incision was made along the midline with sterile scissors, and abdominal skin was retracted with forceps to expose the intact peritoneal wall. A small incision was made in the peritoneal wall, and the peritoneal cavity was washed with 6 ml of Hanks' balanced salt solution using a sterile plastic Pasteur pipette. The lavage was then collected and centrifuged to isolate the inflammatory cells.
Inflammatory Cells and UMSC Bilayer Adhesion Assay-UMSCs were seeded in microplates and left for 24 h to adhere. Cells were washed twice with EBSS and treated with Chase ACϩB, Hylase, or Hepase IIϩIII at 37°C for 2 h to remove specific cell-associated GAGs. Meanwhile, inflammatory cells were isolated by peritoneal lavage using EBSS, labeled with DiI for 30 min on ice, and washed four times with EBSS. Subsequently, UMSCs were washed twice with EBSS, and the inflammatory cells were seeded over the UMSCs in ␣-MEM (Invitrogen) supplemented with 10% FBS. A control assay was done without UMSCs. The inflammatory cells were left to adhere for 16 h. The adherent cells were fixed with 2% paraformaldehyde, and the numbers of adhered DiI ϩ inflammatory cells and F4/80 ϩ cells (macrophages) were evaluated. Five images were captured for each experimental point, and the numbers of adhered cells were calculated using CellProfiler (20) . The experiment was repeated twice with triplicates.
Macrophage Adhesion Assay-UMSCs were seeded in a transwell insert with 0.44-m (Millicell, Millipore) pores and left for 24 h to adhere. Cells were washed twice with EBSS and treated with Chase ACϩB, Hylase, or Hepase IIϩIII at 37°C for 2 h to remove specific cell-associated GAGs. Meanwhile, inflammatory cells were isolated by peritoneal lavage using EBSS. Subsequently, UMSCs were washed four times with EBSS, and the transwell insert was placed into a new microplate well. The inflammatory cells were then placed under the UMSCs in ␣-MEM supplemented with 10% FBS with or without rat anti-pentraxin 3 (Cellsciences, HM2242), goat anti-TSG6 (R&D, AF2104), goat anti-ITI-H1 (sc-21968), goat anti-ITI-H2 (sc-21975), goat anti-ITI-H3 (sc-21979), goat IgG isotype control (Abcam, ab37388), or anti-collagen I (Abcam, ab34710) as a nonrelevant control. A control experiment was done without UMSCs in the transwell insert. The macrophages were left to adhere for 16 h; the nonadherent cells were removed by washing, and adherent inflammatory cells were fixed with 2% paraformaldehyde. The numbers of adhered DiI ϩ cells (inflammatory cells) and F4/80 ϩ cells (macrophages) were counted using CellProfiler (20) . Five images were captured for each experimental point. The experiment was repeated five times with triplicates.
Macrophage Invasion Assay-UMSCs were seeded in a 24-well microplate and left for 24 h to adhere. Cells were washed twice with EBSS and treated with Chase AC, Chase B, Hylase, or Hepase II and III at 37°C for 2 h to remove specific cell-associated GAGs. Meanwhile, macrophages were isolated by peritoneal lavage using EBSS, labeled with DiI for 30 min on ice, and washed four times with EBSS. Subsequently, UMSCs were washed twice with EBSS, and a transwell insert (3 m, HTS FluoroBlok Insert, Falcon) was placed into each microplate well over the UMSCs. ␣-MEM supplemented with 10% FBS was placed in the bottom compartment, and the macrophages in ␣-MEM were placed in the top compartment. A control experiment was done without UMSCs in the bottom compartment. The macrophages were left to migrate for 4 h, and the transwell inserts were then treated with 2% paraformaldehyde. Transwell membranes were removed, and the bottom side was analyzed under a fluorescent microscope. The numbers of migrated macrophages were counted by two separate individuals using a double blind system. The experiment was repeated three times with triplicates.
Cell Death Detection Assay-To verify whether the UMSCs could induce inflammatory cell death, inflammatory cells and UMSCs were co-cultured using transwell inserts with 0.4-m pores. UMSCs (2.5 ϫ 10 4 ) were seeded inside the culture insert and left to adhere for 24 h. The UMSCs were treated or not with Chase ACϩB or Hylase for 2 h and then washed with Hanks' balanced salt solution. Thereafter, inflammatory cells were obtained by peritoneal lavage, and 1 ϫ 10 5 cells were seeded into each well of a 6-well multiplate. The transwell inserts containing the UMSCs were placed over the inflammatory cells, and antibodies were added to the lower chamber when indicated. The cells were left in co-culture for 16 h, and the nonadherent cells were then removed with the medium for cell death analysis. The 1 ml of culture medium was centrifuged to pellet any nonadherent cells. The medium (necrotic fraction) was stored at 4°C for cell death analysis. The cell pellet was lysed with the lysis buffer provided with the kit for 20 min and centrifuged, and the supernatant was assayed for cell death. Cell death was assayed utilizing the cell death detection ELISA PLUS kit (Roche Applied Science) according to the manufacturer's instructions. The remainder of the culture medium containing the nonadherent cells was centrifuged, and the cell pellet was suspended in 2% paraformaldehyde and incubated at 4°C for 30 min. The cells were then centrifuged. The cell pellet was suspended in PBS, and 50 l was placed on a polylysine-coated microscope slide and then heated on a hotplate at 60°C. When dry, the cells were stained with hematoxylin and eosin and analyzed under an Eclipse E800 microscope (Nikon) coupled with an Axiocam ICc5 camera (Zeiss).
Analysis of UMSCs after Co-culture with Inflammatory Cells-Macrophages and UMSCs were co-cultured using transwell inserts with 0.4-m pores, which enable cross-talk through soluble factors between the two cell types. This entailed seeding UMSCs in a 6-well microplate in ␣-MEM supplemented with 10% FBS and leaving the cells for 24 h to adhere in 5% CO 2 at 37°C. UMSCs were washed three times with EBSS and then treated or not treated with Chase ACϩB, Chase ABC, or Hylase in EBSS for 2 h, after which the cells were washed three times with EBSS. Meanwhile, macrophages were isolated from mouse peritoneum and seeded in transwell inserts, which were placed over the previously seeded UMSCs. The cells were left for 16 h in fresh ␣-MEM supplemented with 10% FBS at 5% CO 2 and 37°C. The cells were then either fixed in 2% paraformaldehyde at 4°C for 30 min, or total protein was extracted by scraping the cells using a cell scraper in RIPA buffer. The macrophages and UMSCs were analyzed by immunocytochemistry and Western blotting. The immunofluorescence analyses were repeated three times with duplicates, and the Western blotting analyses were repeated twice with pooled triplicates.
Immunocytochemistry and Confocal Microscopy-The cells were fixed in 2% paraformaldehyde for 15 min at 4°C. Cells were incubated for 1 min in 0.1 M glycine, washed four times with PBS, and subsequently incubated for 1 h in blocking solution (5% FBS) at room temperature. The cells were then incubated with primary antibodies overnight at 4°C. Primary antibodies used were as follows: rabbit anti-versican (ab19345), rat anti-pentraxin 3 (Cellsciences, HM2242), goat anti-TSG6 (R&D Systems, AF2104), rabbit anti-RHAMM (Abcam, ab124729), and mouse anti-CD44 (Abcam, ab23777). Also, phalloidin 647 or biotinylated HA-binding link protein (Calbiochem, Millipore) were used instead of a primary antibody when stated. Afterward, the cells were washed three times in PBS and then incubated for 1 h at room temperature with appropriate fluorescent secondary donkey antibodies conjugated to Alexa Fluor 488, Alexa Fluor 555, Alexa Fluor 647, or streptavidin Alexa Fluor 488 conjugate (Molecular Probes/ Invitrogen). After incubation with the antibodies or the streptavidin conjugate, the coverslips were mounted on microscope slides with Fluoromount G (2:1 in PBS, Electron Microscopy Sciences) and sealed with nail polish. Cells were examined using a Zeiss Observer Z1 inverted microscope or a Zeiss LSM 710 confocal microscope, and images were analyzed using LSM Image Browser 3.2 software (Zeiss, Germany).
ECM Extraction, Immunoprecipitation (IP), and Western Blotting-Proteins were extracted from the UMSCs by scraping the cells using a cell scraper in RIPA buffer containing an EDTA-free protease inhibitor mixture (Sigma). The cells were lysed using sonication and subsequently heat-inactivated at 95°C for 15 min. The cell lysates were separated into two fractions, and one fraction was digested with Hylase at 37°C for 4 h. Loading buffer was added to the samples, which were then incubated at 95°C for 15 min.
Conditioned medium from UMSCs, or UMSCs co-cultured with inflammatory cells, or solely fresh medium was incubated with 10 g of anti-HC1 (amino acids 623-672 LifeSpan BioSciences, Seattle, WA), anti-HC2 (amino acids 124 -321 LifeSpan BioSciences), or anti-HC3 (ab97758, Abcam) for 2 h at 4°C, after which 20 g of Dynabeads protein G (Invitrogen) were added and further incubated for 1 h at 4°C. The beads were removed with the use of a magnet, and samples were dislodged from beads with 100 l of 0.1 M glycine, pH 3. Thereafter, the pH was neutralized, and loading buffer was added to the samples, which were then incubated at 95°C for 15 min. The samples were then applied to SDS-PAGE, transferred to nitrocellulose membranes, and incubated with goat anti-ITI-H1 (sc-21968), goat anti-ITI-H2 (sc-21975), goat ant-ITI-H3 (sc-21979), and anti-pentraxin 3.
Hylase-digested and -undigested cell extracts and IP products were resolved by SDS-PAGE under reducing conditions and transferred to polyvinylidene fluoride transfer membranes. The membranes were blocked overnight at 4°C, incubated with the following primary antibodies goat anti-ITI-H1 (sc-21968), goat anti-ITI-H2 (sc-21975), goat anti-ITI-H3 (sc-21979), rabbit anti-versican, anti-pentraxin 3, mouse anti-CD44, or goat anti-TSG6 in block solution for 4 h, followed by four 15-min washes with PBS, and subsequent incubation with the secondary antibodies conjugated to Alexa Fluor 488, Alexa Fluor 555, or Alexa Fluor 647 for 1 h at room temperature.
RNA Extraction and Real Time Reverse Transcription-PCR Analysis-Total RNA was isolated from UMSCs and UMSCs exposed to inflammatory cells 24 h after co-culture using TRIzol reagent (Invitrogen). The concentration and purity of the RNA in each sample were determined using a spectrophotometer at 260 and 280 nm. First strand cDNA was reverse-transcribed using 2 g of total RNA and the kit Improm-II TM reverse transcriptase (Promega, Madison, WI), according to the manufacturer's protocol. Quantitative RT-PCR amplification was done with 2 l of the cDNA (1:5) with specific primers for HC1, HC2, HC3, TSG6, ␤-tubulin, and GADPH using the kit SYBR Green Master Mix (Applied Biosystems, Foster City, CA) in a CFX96 Real Time System in a C1000 Thermo Cycler (Bio-Rad), with the activation cycle of 95°C for 10 min, 40 cycles of 95°C for 20 s, 60°C for 30 s, and 72°C for 30 s. The specificities of the amplified products were analyzed through dissociation curves generated by the equipment yielding single peaks. Negative controls were used in parallel to confirm the absence of any form of contamination in the reaction. Analysis of the data were done using the 2 Ϫ⌬Ct method. The primer combination used for HC1 was forward 5Ј-CCACCCCATCGGTTTT-GAAGTGTCT-3Ј, reverse 3Ј-TGCCACGGGTCCTTGCTG-TAGTCT-5Ј; HC2 forward 5Ј-ATGAAAAGACTCACGTGC-TTTTTC-3Ј, reverse 3Ј-ATTTGCCTGGGGCCAGT-5Ј; HC3 forward 5Ј-TGAGGAGGTGGCCAACCCACT-3Ј, reverse 3Ј-CGCTTCTCCAGCAGCTGCTC-5Ј; TSG6 5Ј-CCAGGCTT-CCCAAATGAGTA-3Ј; ␤-tubulin forward 5Ј-TGGAACCCA-CAGTCATTGATGA-3Ј, reverse 3Ј-TGATCTCCTTGCCAA-TGGTGTA-5Ј; and GADPH forward 5Ј-ACCACAGTCCAT-GCCATCAC-3Ј, reverse 3Ј-TCCACCACCCTGTTGCT-GTA-5Ј.
Statistics-All values are presented as means Ϯ S.D. The difference between two groups was compared by unpaired Mann-Whitney test. p Ͻ 0.05 was considered to be statistically significant. Statistical analysis was done with the GraphPad Prism version 5 software package (GraphPad Software, San Diego).
RESULTS

UMSCs Suppress in Vivo Inflammatory Response in a Glycocalyx-dependent Manner-UMSCs were transplanted into cornea stromas via intrastromal injection 24 h after the alkali burn.
To evaluate the role of UMSC GAG side chains, cells were treated for 2 h with either chondroitinase AC and B (Chase ACϩB) or heparinase II and III (Hepase IIϩIII) to remove cellassociated CS and HS, respectively, prior to transplantation. Control animals received solely the vehicle (PBS) through intrastromal injection. Corneas transplanted with UMSCs clearly presented reduced inflammation already at 5 days after alkali burn when compared with PBS controls (Fig. 1A) . Interestingly, treating UMSCs with hepase IIϩIII prior to transplantation, to remove cell surface HS, had no effect on the ability of FIGURE 1. UMSCs suppress the in vivo inflammatory response in a glycocalyx-dependent manner. Corneas were subjected to alkali burn, and UMSCs that were previously treated or not with Hepase or Chase ACϩB for 24 h were transplanted into the stroma. A, stereomicroscope images of the corneas were taken 24 h, 5 days, 1 week, and 2 weeks after the alkali burn. Twelve animals were analyzed in each group, and the number of transparent corneas/total at 2 weeks is indicated in the figure. B and C, 2 weeks after the alkali burn, the corneas were subjected to whole mount analysis for inflammatory cell infiltration. The number of F4/80 ϩ (B) and CD11b ϩ (C) cells/cornea were counted. * is S.D. against PBS-treated, and ** against UMSC-treated, * and **, p Ͻ 0.05. D, corneas were analyzed by in vivo confocal microscopy 2 weeks after the alkali burn to evaluate corneal haze. E, UMSCs were stained with DiI prior to transplantation to evaluate their presence initially and in the corneas 2 weeks after transplantation, thereby assessing their ability to survive host rejection.
UMSCs to suppress inflammation (Fig. 1A) . In contrast, treating UMSCs with Chase ACϩB prior to transplantation ablated the ability of UMSCs to suppress inflammation, and the corneal inflammation resembled that of the vehicle controls ( Fig. 1A) . Two weeks after corneal alkali burn, corneas transplanted with UMSCs or Hepase (IIϩIII)-treated UMSCs were mostly transparent (11/12 and 10/12, respectively), although corneas treated with vehicle control or Chase ACϩB-treated UMSCs presented persistent inflammation and corneal clouding (only 2/12 and 3/12 transparent, respectively) ( Fig. 1A) . The efficiency of the CS and HA removal by the enzymatic digestions was evaluated through immunocytochemistry and agarose gel electrophoresis (Fig. 2) revealing efficient removal of cell-associated CS and HA from the UMSCs prior to transplantation. Both CS and HA were susceptible to Chase ACϩB digestion; therefore, reducing cell surface CS and/or HA, but not HS, ablates the anti-inflammatory effect of transplanted UMSCs.
UMSCs Inhibit Inflammatory Cell Infiltration after Alkali Burn in a CS/HA-dependent Manner-Inflammatory infiltration was analyzed to assess corneal inflammation 2 weeks after UMSC transplantation. Corneal whole mounts were stained with macrophage markers CD11b and F4/80, which recognize leukocytes involved in the innate immune system, including monocytes, granulocytes, macrophages, natural killer cells, and murine macrophages, respectively. Z-stack images were obtained, and the mean number of positive cells present in 10 independent Z-stacks was determined. Corneas transplanted with UMSCs had ϳ2 F4/80 ϩ cells and ϳ4 CD11b ϩ cells in each Z-stack analyzed, and UMSCs previously treated with Hepase IIϩIII had slightly higher numbers (ϳ6 cells and ϳ6 cells, respectively) ( Fig. 1, B and C) . In contrast, corneas transplanted with UMSCs previously treated with Chase ACϩB presented an average of ϳ18 F4/80 ϩ cells and ϳ21 CD11b ϩ cells in each Z-stack analyzed, closer to the PBS vehicle controls with averages of ϳ22 F4/80 ϩ cells and ϳ32 CD11b ϩ cells in each Z-stack analyzed (Fig. 1, B and C) . Therefore, treating UMSCs with Chase ACϩB prior to transplantation impeded the ability of these cells to suppress inflammatory cell infiltration, whereas treating them with Hepases had little or no effect.
In Vivo Confocal Microscopy-To evaluate corneal inflammation in vivo, confocal microscopy was used to assess corneal clouding. Corneas transplanted with UMSCs or UMSCs treated with Hepase IIϩIII presented clear corneas 2 weeks after alkali burn (Fig. 1D ). Animals treated with the vehicle control or with UMSCs treated with Chase ACϩB prior to transplantation have significant corneal haze 2 weeks after alkali burn (Fig. 1D) .
Survival of Human UMSCs Transplanted in Mouse Corneas after Alkali Burn-Because of the increase in inflammatory response in the corneas transplanted with UMSCs previously treated with Chase ACϩB, we investigated the survival of UMSCs and UMSCs treated with Chase ACϩB prior to transplantation. UMSCs and Chase ACϩB-treated UMSCs were labeled with DiI prior to transplantation, and DiI ϩ cells were present within the stroma soon after administration (Fig. 1E ). Two weeks after administration, DiI-positive UMSCs were evident in the corneal stroma of mice treated with naive UMSCs, whereas corneas transplanted with Chase ACϩtreated UMSCs presented no DiI ϩ cells, indicating that the UMSCs had been rejected by the host. Untreated UMSCs therefore actively modulate inflammatory cells and evade rejection in a CS-and/or HA-dependent manner.
UMSCs Inhibit the Adhesion of Inflammatory Cells-UMSCs actively suppressed the inflammatory response present in mouse corneas 24 h after alkali burn thereby enabling resolution of the inflammatory response within 2 weeks, although the vehicle control-treated mice presented severe inflammation in the same time frame. Therefore, we hypothesize that the UMSCs can actively regulate the inflammatory cells present in the stroma within 24 h after alkali burn. Co-culture assays were used to examine this possibility with inflammatory cells isolated from peritoneal lavages. To investigate the effect of UMSCs on inflammatory cell adhesion, we prepared UMSC 24-h microplate cultures that were digested with/without Chase ACϩB or Hylase as described under "Experimental Procedures." DiI-labeled inflammatory cells, prepared as described under "Experimental Procedures," were then seeded on the UMSC cultures in the presence or not of anti-pentraxin 3, anti-TSG6, anti-HC1, anti-HC2, anti-HC3, goat IgG, and anti-collagen I. After 16 h, the nonadherent cells were removed by washes, and the adhered cells were fixed and stained with anti-F4/80 to label macrophages. Interestingly, the UMSCs actively inhibited adhesion of the inflammatory DiI ϩ cells by ϳ40%, and previously treating the UMSCs with either Chase ACϩB or Hylase disrupted the ability of the UMSCs to inhibit adhesion of the inflammatory cells (Fig. 3A) . Similarly, the UMSCs inhibited the adhesion of macrophages (F4/80 ϩ cells) by ϳ70%, and this effect was also ablated when the UMSCs were previously digested with Chase ACϩB or Hylase (Fig. 3B ). To verify whether the ability of the UMSCs to inhibit adhesion of the inflammatory cells was substrate-dependent or required direct cell-cell contact, we performed a co-culture adhesion assay with the UMSCs in transwell inserts with 0.44-m pores over inflammatory cells in the bottom chamber, which enables cross-talk between the inflammatory cells and UMSCs by soluble factors. Interestingly, the UMSCs inhibited the adhesion of macrophages (F4/80 ϩ cells) by ϳ80% (Fig. 3C) . Again, previously digesting the UMSCs with Chase AC, Chase ACϩB, Chase B, and Hylase impeded the ability of the UMSCs to inhibit adhesion of the macrophages, indicating that soluble factors are involved.
UMSCs Inhibit the Migration/Invasion of Inflammatory Cells-Corneas treated with UMSCs showed a large reduction in the number of inflammatory cells present in the stroma 2 weeks after the alkali burn. This suggests that the UMSCs could be aiding in the resolution of the inflammatory response and/or inhibiting the invasion of more inflammatory cells. Therefore, to further investigate whether UMSCs directly modulate inflammatory cell invasion, an invasion co-culture assay was performed. DiI-labeled inflammatory cells in serum-free medium were seeded in the top compartment of transwell inserts with 3-m pores over UMSCs previously seeded in medium supplemented with 10% FBS as a stimulus for the inflammatory cells to invade into the bottom compartment. When inflammatory cells were seeded in the top compartment in the absence of UMSCs in the bottom compartment, ϳ250 DiI ϩ cells (inflammatory cells) migrated to the bottom compartment. However, when UMSCs were seeded in the bottom compartment, the number of migrating inflammatory cells decreased by ϳ60% (Fig. 3D ). When the UMSCs were treated with Chase ABC, Chase AC, Chase B, or Hylase to decrease cell associated CS and HA, the number of macrophages invading the bottom compartment increased by ϳ2-fold compared with naive UMSCs (Fig. 3D) . Therefore, the absence of cell-associated CS/HA compromised the ability of UMSCs to inhibit inflammatory cell invasion into the bottom compartment. In contrast, the treatment of UMSCs with Hepase had no effect on the ability of UMSCs to suppress the migration of inflammatory cells (Fig. 3D) .
UMSCs Affect Macrophage Polarization-In light of the inhibitory effect that UMSCs had on macrophage adhesion and invasion, the role of UMSCs and, more importantly, the role of UMSC CS/HA on macrophage polarization were investigated. Previously adhered and differentiated UMSCs and macrophages were placed in co-culture, using the transwell system with 0.44-m pores, enabling cross-talk through soluble factors, and macrophage morphology was studied by anti-F4/80 immunostaining. Control macrophages, seeded in the absence of UMSCs, presented a stellate (or dendritic) shape, typical of M1 macrophages, and ϳ50% presented this stellate morphology (Fig. 4, A and B) . However, when macrophages were exposed to UMSCs, they presented a small rounded cell shape, typical of undifferentiated macrophages, with only ϳ15% presenting a stellate shape (Fig. 4, A and B) . Moreover, a subpopulation of the macrophages exposed to UMSCs adhered and differentiated into a rounded, flattened morphology (a spread cell body), potentially a M2 macrophage (Fig. 4B, lower panels) . The ability of the UMSCs to modulate polarization of macrophages was evaluated. UMSCs were seeded in a transwell insert with a 0.44-m pore and treated or not with Chase ACϩB or Hylase. Inflammatory cells were seeded in a micro-plate and placed in co-culture with the UMSCs seeded in transwell inserts. A and B, morphology of the macrophages (F4/80 ϩ cells) was analyzed (green), and nucleus was stained with DAPI (blue). C, numbers of F4/80 ϩ TNF␣ ϩ cells were counted to evaluate the M1 phenotype. D, numbers of F4/80 ϩ IL10 ϩ cells were counted to evaluate the M2 phenotype. E, IRF5 staining (red) of macrophages is shown, and F4/80 ϩ cells are shown in green. Scale bars, B and E are 20 m. *, Ͻ0.05 compared with macrophages alone.
When macrophages were exposed to UMSCs that had been previously treated with Chase ACϩB or Hylase, ϳ55 and 49%, respectively, of the macrophages had a stellate shape (Fig. 4A ), essentially the same as macrophages in the absence of UMSCs. The macrophages were stained with antibodies for TNF␣ and IL10 as markers for M1 and M2 macrophages, respectively. Exposing the inflammatory cells to UMSCs decreased the number of F4/80 ϩ TNF␣ ϩ (M1) cells by ϳ70% relative to macrophages not exposed to UMSCs (Fig. 4C ) and increased the number of F4/80 ϩ IL10 ϩ cells (M2) ϳ3-fold (Fig. 4D) , and pretreatment of the UMSCs with Chase ACϩB or Hylase abrogated the ability of the UMSCs to inhibit M1 macrophage polarization.
This was investigated further by staining the inflammatory cells with antibodies for F4/80 and IRF5, a transcription factor that regulates the expression of M1-specific cytokines. There was a significant decrease in F4/80 ϩ cells with IRF5 nuclear staining, which attained a cytoplasmic localization, when the inflammatory cells were co-cultured with UMSCs (Fig. 4E) . When the macrophages were seeded in the absence of UMSCs or in the presence of UMSCs previously treated with Chase ACϩB or Hylase, the majority of the F4/80 ϩ cells presented IRF5 nuclear staining (Fig. 4E ). No nuclear staining was observed for IRF4 (MUM1), a transcription factor that regulates the expression of M2 macrophage-specific cytokines, in any of the experimental conditions (data not shown). Therefore, UMSCs inhibit the polarization of macrophages to the M1 phenotype, and this process is mediated through the associated CS/HA ECM on the UMSCs.
UMSCs Promote the Maturation of T-regulatory Cells-Cocultures between inflammatory cells and UMSCs using the transwell co-culture system were prepared, and the inflammatory cells were stained for CD44 ϩ , F4/80, and IL10. Interestingly, a population of CD44 ϩ cells was present solely in the inflammatory cells exposed to UMSC (Fig. 5A) . Moreover, a population of F4/80 Ϫ IL10 ϩ cells was increased in the inflammatory cells exposed solely to naive UMSC (Fig. 5B ). Both populations of CD44 ϩ and F4/80 Ϫ IL10 ϩ cells were greatly decreased when UMSCs were pretreated with Chase ABC when compared with naive UMSCs. These cells also stained positive for CD4 (results not shown) and CD25 (Fig. 5, C and D) but did not stain positive for Foxp3 (results not shown). Therefore, co-cultivating inflammatory cells with UMSCs led to the maturation of CD4 ϩ CD44 ϩ CD25 ϩ IL10 ϩ Foxp3 Ϫ cells, which have been previously characterized as T-regulatory cells. Previously treating the UMSCs with Chase ACϩB or Hylase impeded the maturation of this population of T-regulatory cells.
T-regulatory cells have previously been shown to suppress inflammatory cells, and TGF␤ and IL10 have been character- ized as the immunosuppressive cytokines secreted by these cells. Therefore, to verify whether UMSCs can inhibit the polarization of M1 macrophages in a T-regulatory cell-dependent manner, we performed the co-culture assay in the presence of neutralizing antibodies for IL10 and TGF␤. Interestingly, inflammatory cells exposed to UMSCs in the presence of the anti-IL10 neutralizing antibody presented a 5-fold increase in stellate M1 macrophages, and inflammatory cells exposed to UMSCs in the presence of the anti-TGF␤ neutralizing antibody presented a 2-fold increase in stellate M1 macrophages (Fig. 5,  E and F) .
UMSCs Induce Inflammatory Cell Death-UMSCs greatly inhibited adhesion of the inflammatory cells. Therefore, we analyzed whether the nonadherent inflammatory cells after co-culture with UMSCs undergo necrosis or apoptosis using a cell death detection assay and histochemistry. The culture medium (representing the necrotic fraction) and the cell lysate (representing the apoptotic fraction) were analyzed using the cell death detection assay. There was a significant increase in necrosis, ϳ40%, when the inflammatory cells were seeded in the presence of UMSCs (Fig. 6A) . Therefore, UMSCs induce necrosis in the inflammatory cells. This ability of the UMSCs to induce necrosis was lost when the cells were treated with Chase ACϩB or Hylase prior to co-culture (Fig. 6A) . Moreover, when the inflammatory cells were co-cultivated with UMSCs in the presence of anti-versican antibody, there was no significant increase in inflammatory cell necrosis. Therefore, when the versican epitopes were masked with the use of a polyclonal antibody, the FIGURE 6. UMSCs induce inflammatory cell death. The ability of the UMSCs to induce inflammatory cell death after the indicated treatments was evaluated in the necrotic fraction (A) and apoptotic fraction (B). *, Ͻ0.05 compared with inflammatory cells alone. C-F, nonadherent cell fraction was collected 16 h after inflammatory cells were seeded in the presence of UMSCs. Nonadherent cells from solely macrophages (C), macrophages seeded over UMSCs (D), macrophages seeded over UMSCs previously treated with Chase ACϩB (E), and macrophages seeded over UMSCs previously treated with Hylase (F) were fixed, attached to polylysine-coated microscope slides, and stained with hematoxylin and eosin to reveal apoptotic cells (arrowheads). Graphs represent arbitrary fluorescence assayed by ELISA (E and F).
UMSCs were no longer able to induce necrosis of inflammatory cells. Moreover, when the inflammatory cells were co-cultivated with UMSCs in the combined presence of anti-IL10 and anti-TGF␤ antibodies, there was no significant increase in inflammatory cell necrosis. When the cells were co-cultivated in the presence of anti-RHAMM, the ability of UMSCs to induce necrosis in the inflammatory cells was not inhibited (Fig.  6A ). When the cell pellets of the nonadherent fraction were analyzed for cell death (apoptosis), again, UMSCs increased cell death of the inflammatory cells ϳ15% (Fig. 6B) , which was blocked when the UMSCs were previously treated with Chase ACϩB. Previous treatment with Hylase and co-culture in the presence of anti-versican had no effect on the ability of the UMSCs to induce cell death (Fig. 6B ). Moreover, there was a large increase in inflammatory cell death when the co-culture was done in the presence of anti-RHAMM (Fig. 6B) .
The results using the cell death detection ELISA were confirmed by histochemistry of the nonadherent cells. When the macrophages were seeded in the absence of UMSCs, the nonadherent cell fraction contained many cells that were viable. However, when they were seeded in the presence of UMSCs, within 16 h there was a drastic reduction in the overall number of cells in the nonadherent fraction, due to increased necrosis, and the few cells that were detected were apoptotic with characteristic condensed chromatin (arrowhead in Fig. 6D ). Therefore, UMSCs induce both necrosis and apoptosis of inflammatory cells, which could account for the reduced number of inflammatory cells that adhered in the adhesion assay. When the inflammatory cells were seeded in the presence of UMSCs previously digested with Chase ACϩB, there was an increase in the number of cells in the nonadherent fraction, and again all cells were viable (Fig. 6E) . When the inflammatory cells were seeded in the presence of UMSCs previously treated with Hylase, there was an increase in the number of cells in the nonadherent fraction, and ϳ5% presented signs of apoptosis (arrowhead in Fig. 6F ).
UMSCs Present a Rich Glycocalyx That Is Up-regulated in the Presence of Inflammatory Cells-The co-culture assays between UMSCs and inflammatory cells show that UMSCs can inhibit inflammatory cell adhesion and invasion, inhibit M1 macrophage polarization, and promote inflammatory cell death. We investigated the possible changes that the UMSCs undergo when exposed to inflammatory cells to determine the mechanism by which UMSCs inhibit inflammation. Co-culture experiments were prepared with UMSCs in the bottom chamber, and inflammatory cells were seeded in transwell culture inserts with 0.44-m pores. Immunocytochemistry revealed that UMSCs have a CS/HA-rich glycocalyx and that this glycocalyx is upregulated in the presence of inflammatory cells, but is lost upon treatment with Chase ACϩB and Hylase. Interestingly, when UMSCs were exposed to inflammatory cells, immunostaining for both CD44 and TSG6 greatly increased, with the formation of thin cellular protrusions extending into the extracellular space (Fig. 7A) . These cellular protrusions present positive phalloidin staining (Fig. 8A) demonstrating the presence of F-actin cytoskeleton within these cellular protrusions. These cellular projections also showed some co-localized staining for CD44 and TSG6. Interestingly, when the UMSCs were treated with Chase ACϩB prior to co-culture with the inflammatory cells, both CD44 staining and the number of CD44-positive cellular projections increased. In contrast, TSG6 staining decreased to a level similar to that of naive UMSCs (Fig. 7A) . The Western blots for CD44 in Fig. 7B verify the increase in CD44 expression in UMSCs exposed to inflammatory cells and the further increase when the UMSCs were treated with Chase ACϩB or Hylase prior to co-culture with the inflammatory cells (Fig. 7B) .
Previous studies have shown that during inflammation, TSG6 catalyzes the transfer of HC from I␣I to HA forming an HC-HA ECM that can promote inflammatory processes (21-23). Moreover, pentraxin 3 has been shown to be retained in this HC-HA-rich ECM and has an important role in the immunomodulatory properties of this matrix (24) . Therefore, we investigated whether pentraxin 3 was present in the UMSC ECM. Interestingly, pentraxin 3 immunostaining was only present when the UMSCs were exposed to inflammatory cells, and it was also present along the UMSC cellular projections and in cable-like structures present in the ECM (Fig. 7C) . Moreover, when the UMSCs were treated with Chase ACϩB prior to coculture, there was no immunostaining for pentraxin 3 (Fig. 7C ). An ϳ35% increase in pentraxin 3 mRNA expression was also detected in UMSCs when exposed to inflammatory cells by real time PCR (Fig. 10J) .
RHAMM, an HA-binding protein that affects cell motility, was also evaluated in the UMSCs exposed to inflammatory cells. Immunocytochemistry with anti-RHAMM antibody revealed RHAMM is also present in UMSCs and is increased when they are exposed to inflammatory cells (Fig. 8A) . The expression of RHAMM was also evaluated by real time PCR, which revealed a 20-fold increase in RHAMM expression in UMSCs when exposed to inflammatory cells (Fig. 10F) .
Previous studies have also revealed the important role of versican when it is present in the HA ECM (25, 26) . Therefore, UMSC cultures were immunostained for versican, which was detected in the ECM. An increase in versican staining was observed when the UMSCs were exposed to inflammatory cells (Fig. 8B ). Interestingly, versican was also present in the cellular projections and further confirmed the increase in number of these cable-like projections.
UMSCs Present a Rich Glycocalyx That Is Up-regulated in the Presence of Inflammatory Cells-The components in the UMSC ECM were investigated by Western blot analysis of proteins extracted from UMSCs alone or after co-culture with macrophages. The protein extracts were digested with Hylase for 2 h at 37°C to release the HA-associated matrix. Fig. 9 shows the results for Western blots analyzed for TSG6, HC1, HC2, HC3, versican, and pentraxin 3. In the absence of Hylase digestion, none of these proteins entered the gel, but they did so after digestion for both UMSCs alone and after co-culture with macrophages. The TSG6 blot showed bands at ϳ35 kDa. The . UMSCs express a rich HA/TSG6/HC/pentraxin 3 ECM. UMSCs were placed in co-culture with inflammatory cells seeded in a transwell insert with a 0.44-m pore. Proteins were extracted and digested or not with Hylase prior to analysis by Western blotting. A, TSG6, HC1, HC2, HC3, versican, and pentraxin 3 were only detected when the protein lysate was digested with Hylase. B, HA staining (green) in UMSCs and UMSCs exposed to inflammatory cells seeded in transwell inserts. C, immunoprecipitation was done with the conditioned medium from UMSCs and UMSCs exposed to inflammatory cells with anti-HC1 and anti-HC2 and subjected to Western blotting with anti-HC1, anti-HC2, and anti-pentraxin 3. The nuclei were stained with DAPI. HC1, HC2, and HC3 blots show strong bands at ϳ75 kDa that are characteristic of HCs released from HA by hyaluronidase and also a band at ϳ125 kDa. HC1 and HC3 also present a band at ϳ45 kDa, which may represent HC1 and HC3 degradation products that were also present in the Hylase enzyme alone (Fig. 9A, far right panels) . No other bands were developed in the Hylase alone (results not shown). Anti-versican primarily revealed an ϳ80-kDa species, likely representing one of the versican isoforms (which has undergone CS shedding by Hylase) and also a population at ϳ130 kDa. The pentraxin 3 blot revealed primarily a characteristic ϳ45-kDa band in the UMSC culture and the co-culture with macrophages. Antipentraxin 3 did not reveal any nonspecific band with the Hylase control ( Fig. 8A) . No differences were observed in the quantities of TSG6, HC1, HC3, versican, and pentraxin 3 between the UMSCs and the UMSCs exposed to the inflammatory cells. The expression and localization of HA in UMSCs were further verified by immunocytochemistry, which demonstrated an upregulation and change to a cable-like distribution in UMSCs exposed to inflammatory cells (Fig. 8B) .
The experiments using the transwell inserts require that the UMSCs and inflammatory cells undergo cross-talk through soluble factors. Therefore, to verify whether UMSCs secrete a soluble form of the HA/HC/TSG6, IP was performed from the conditioned medium from UMSCs and UMSCs co-cultured with inflammatory cells with either anti-HC1, anti-HC2, or anti-HC3. Populations of ϳ80 and ϳ125 kDa were present with anti-HC1, anti-HC2, and anti-HC3, indicating UMSCs secrete a soluble form of the heavy chains ( Fig. 9C ). An increase in the expression of HC3 was detected in the UMSCs when exposed to inflammatory cells. Moreover, pentraxin 3 was isolated by co-IP with HC1, HC2, and HC3 (Fig. 9C ). No HC1, HC2, or HC3 was detected in fresh medium containing 10% FBS (data not shown). Interestingly, when the co-culture adhesion assay was performed in the presence of anti-pentraxin 3, anti-TSG-6, anti-ITI-H1, anti-ITI-H2, and anti-ITI-H3, the ability of the UMSC to inhibit inflammatory cell adhesion was ablated further confirming the involvement of the HA-HC complex (Fig. 3,  A and B) . The isotype controls, goat IgG and rat IgG (results not shown), and the nonrelevant control, anti-collagen I, had no effect upon the ability of UMSC to inhibit inflammatory cell adhesion (Fig. 3, A and B) . The expression and localization of HC1 and HC2 were further verified in UMSCs by immunocytochemistry. Both HC1 and HC2 were detected in UMSCs. However, there was no change in distribution when UMSCs were digested with Hylase or HylaseS prior to co-culture with inflammatory cells (Fig. 10A ). HC3 was also detected by immunocytochemistry presenting similar results to HC1 (results not shown). HA staining revealed an increase in both HA and HA cable-like structures in UMSCs exposed to inflammatory cells when compared solely with UMSCs (Fig. 10A) . The co-culture of UMSCs and inflammatory cells in the presence of anti-pentraxin 3 had no effect upon the expression and distribution of HCs and HA (Fig. 10A) . Interestingly, very weak HA was detected in UMSCs treated with Hylase and HylaseS prior to the co-culture with inflammatory cells with no cable-like HA structures present. This suggests that within the 24 h of co-cul-ture UMSCs are not able to re-synthesize the HA-rich glycocalyx (Fig. 10A) .
The expression levels of HC1, HC2, HC3, TSG6, and bikunin were also verified in the UMSCs and UMSCs exposed to inflammatory cells by real time PCR. There was a significant increase of ϳ2-fold in the expression of HC1, HC3, TSG6, and bikunin when UMSCs were exposed to inflammatory cells. However, a 30% decrease was observed in HC2 expression in UMSCs exposed to inflammatory cells when compared solely with UMSCs (Fig. 10, B-F) .
UMSC HA-Rich Cables Sequester Macrophages-The UMSCs affect both the adhesion and polarization of macrophages and also lead to inflammatory cell death. Here, we have shown that these events are mediated through the cablelike HA-rich matrix formed by the UMSCs when exposed to the inflammatory cells. To verify whether the HA-rich cable-like structures can directly affect macrophages, we performed a bilayer co-culture assay between the UMSCs and inflammatory cells. When inflammatory cells were directly seeded upon UMSCs (asterisks) and left for 24 h, they were detected bound to the HA-rich cables (Fig. 10G) , and the HA cables appear to "engulf" the macrophages. All macrophages bound to the HA cables present a small rounded cell shape ( Fig. 10G ) and presented no MUM1 or IRF5 nuclear staining (results not shown). Finally, to further evaluate the increase in HA, the expression of the hyaluronan synthases were evaluated. The exposure of UMSC to inflammatory cells induced the expression of HAS2 in UMSCs, which was solely expressed below significant levels in naive UMSCs.
DISCUSSION
Recently, transplantation of UMSCs into corneal stroma has been suggested as an alternative to keratoplasty (corneal transplantation) for treating corneal disease. This novel treatment in lieu of current keratoplasty is valuable due to the fact that there is an unlimited supply of UMSCs, although the availability of donor corneas is limited and, recently, the availability is further decreasing due to the increased popularity of laser refractive surgery, which leaves the cornea unsuitable for later organ transplantation. Successful transplantation of human UMSCs has been done in the mouse cornea. However, little is understood about the mechanism by which these cells evade host rejection and differentiate in the mouse cornea. We hereby show that UMSCs can be successfully transplanted into mouse corneas after alkali burn, which is a severe wound to the cornea that leads to severe inflammation, and they survive host rejection. The UMSCs were administered 24 h after the alkali burn into an extensively inflamed cornea, and therefore, a plethora of inflammatory cells is present in the cornea at the time of UMSC administration. In this scenario, the UMSCs are capable of evading host rejection and, more importantly, modulating the inflammatory response. At early time points, such as 5 days after alkali burn, corneas transplanted with UMSCs clearly present less inflammation compared with vehicle controls, which received solely an intrastromal injection of PBS. To elucidate the role that the UMSC glycocalyx has in this host immune modulation, UMSCs were treated with Hepase or Chase ACϩB prior to administration to remove cell surface HS and CS/HA, respectively. Interestingly, removal of cell surface HS prior to the administration of UMSCs had no effect on the ability of UMSCs to suppress host inflammation. In contrast, removal of CS/HA prior to administration of UMSCs ablated the ability of these cells to suppress a host inflammatory response. Therefore, UMSC cell surface CS/HA is vital for UMSCs to survive and escape host rejection.
In order for UMSCs to survive host rejection, they either actively modulate the inflammatory response or they present cell surface components that enable them to remain invisible to the host immune system. To further elucidate the mechanism by which UMSCs evade rejection and reduce the inflammatory response, UMSCs were co-cultured with inflammatory cells. To date two subtypes of macrophages have been well established as follows: M1 macrophages and M2 macrophages, which present pro-inflammatory and anti-inflammatory phenotypes, respectively (27, 28) . Macrophages present an irregular branched cell shape and are classically detected by the markers CD14, CD40, CD11b, or F4/80 (29, 30) . M1 macrophages present the classical macrophage cell shape and may be distinguished from the other macrophage subtypes using markers, such as IL1␤, IL6, IL8, IL12, and TNF␣, and they can be induced by INF␥. However, M2 macrophages are characterized by IL10 and IL13 expression and can be induced by IL4 (31) . Interestingly, a mannose receptor is vital for M2 macrophage polarization (31) , which demonstrates a clear role of carbohydrate moieties in macrophage differentiation and polarization. Recently, two more macrophage subtypes have been characterized, referred to as M3 macrophages and M4 macrophages (32) . M4 macrophages lack CD163 and can be induced by CXCL4 (33) . Macrophages are versatile and may undergo both differentiation and polarization upon subtle variations in the microenvironment (31, 34) . The versatility of macrophages to shift between the M1 and M2 phenotype (reversible polarization) has been well established (35) . Macrophages isolated from the peritoneal lavage adhered and differentiated into classical M1 macrophages presenting an irregular branched cell shape. When these polarized M1 macrophages were exposed to UMSCs, they assumed a rounded cell shape, and a subpopulation presented markers typical of M2 macrophages. Thus, UMSCs actively changed the polarized state of M1 macrophages into a small rounded phenotype, potentially undifferentiated macrophages (36) . Moreover, UMSCs also actively inhibited the adhesion and invasion of inflammatory cells and also induced inflammatory cell death, all in a CS/HA-dependent manner. Therefore, when UMSCs are transplanted into the inflamed cornea 24 h after alkali burn, they have the ability to actively suppress and induce cell death in the inflammatory cells present in the cornea and also to inhibit the recruitment (adhesion and invasion) of more inflammatory cells to the extent that 5 days after alkali burn the corneas transplanted with UMSCs already presented less inflammation than vehicle controls. In accordance with the in vivo data, when the UMSCs were previously treated with Chase ABC, they lost the ability to modulate the inflammatory cells, thus explaining why the UMSCs treated with Chase ACϩB prior to transplantation were rejected by the host immune system. Together, these data suggest that UMSCs actively regulate inflammatory cells in a CS/HA-dependent manner.
Our studies also show that UMSCs promote the maturation of T-regulatory cells, which were shown to be CD44 ϩ , CD25 ϩ , CD4 ϩ , and Foxp3 Ϫ , and to secrete IL10. Previous studies have shown that HA promotes the induction of Foxp3 Ϫ IL10 producing regulatory T-cells from T-cell precursors in both human and murine systems (37) . Moreover, our findings suggest that these cells could have a role in inhibiting the polarization of the macrophages to the M1 phenotype. In order for T-cells to invade the surrounding ECM, they adopt an elongated morphology with a broad lamellipodium at the leading edge and a handle-like protrusion at the rear end (38) . Thus, typical T-cell morphology is clear in the CD11b ϩ inflammatory cells after co-culture with the UMSCs. CD44 ϩ to date is the best characterized receptor of HA, and therefore the dense HA glycocalyx synthesized by the UMSCs could have a role in the maturation and also be a substrate for the T-regulatory cells. Moreover, recent studies have shown that the viscous matrix formed by both HA and versican has an important role in T-cell sequestration and trafficking in inflamed tissues (38) .
Recently, studies have shown that bone marrow-derived mesenchymal stem cells modulate inflammatory responses, and when transplanted into animal models of both acute lung injury and corneal injury, they can reduce systemic inflammation, ameliorate lung damage, and improve survival (39 -42) . Studies have also indicated that UMSCs modulate the immune response by secreting soluble factors creating an immunosuppressive milieu (43, 44) .
When the UMSCs are exposed to the inflammatory cells, they proceed to secrete a rich ECM that contains TSG6, pentraxin 3, and versican. Moreover, the formation of "cable-like" structures can be observed when the UMSCs are exposed to inflammatory cells, and these cables become unorganized when the UMSCs are previously treated with Chase ACϩB or Hylase. CS/HA are therefore essential for the formation of the UMSC inflammation-specific ECM. The disruption of the inflammation-specific ECM due to the lack of CS and HS could account for the increase in CD44 expression, which is responsible for the bridge between this unorganized ECM and the UMSC cell surface. Therefore, our results provide evidence that exposure of UMSCs to inflammatory cells induces a more organized ECM and up-regulates their synthesis of CD44, which forms the bridge between the UMSC and the HC-HA ECM (glycocalyx). Upon digestion with Chase ACϩB, Chase ABC, or Hylase, this ECM is disrupted, and the UMSCs up-regulate CD44 further as a compensatory mechanism. Interestingly, the umbilical FIGURE 10. Immunolocalization of HA, HC1, and HC2 in UMSCs exposed to inflammatory cells. UMSCs were treated or not with Hylase or HylaseS and placed in co-culture with inflammatory cells seeded in a transwell insert with a 0.44-m pore. A, localization of HA, HC1, and HC2 was evaluated by immunocytochemistry. UMSCs were placed in co-culture with inflammatory cells using the transwell system and left for 24 h, after which RNA was extracted from the UMSCs in the bottom chamber. Real time PCR analysis was done to verify the expression levels of HC1 (B), HC2 (C), HC3 (D), TSG6 (E), bikunin (F), RHAMM (H), HAS2 (I), and pentraxin 3 (J). G, inflammatory cells were seeded directly over UMSCs to study the adhesion of the inflammatory cells to UMSC HA-rich cables (green). Nuclei were counterstained with DAPI (blue), and * represents the nuclei of UMSCs. B-J, *, p Յ0.05.
